Washed suspensions of Clo8tridium welchii, strain S.R. 12, as shown by Gale (1945 Gale ( , 1947 , specifically decarboxylate L-glutamic acid and L-glutamine and are thus a specific reagent for the determination of these two substances. It is shown in this paper that the decarboxylation of glutamine is accompanied by the formation of an equivalent amount of armonia, and that the glutaminase responsible for this reaction is highly specific. No'other compound has so far been found to yield ammonia when incubated with washed suspensions of the organism at pH 4*9. This glutaminase preparation is more convenient to make than Archibald's (1944) glutaminase preparation from kidney and is more specific.
Quantitative Determination of Glutamine and Glutamic Acid BY H. A. KREBS, Unit for Research in Cell Metaboli8m (Medical Research Council) , Department of Biochemnistry, The University, Sheffield (Received 23 October 1947) Washed suspensions of Clo8tridium welchii, strain S.R. 12, as shown by Gale (1945 Gale ( , 1947 , specifically decarboxylate L-glutamic acid and L-glutamine and are thus a specific reagent for the determination of these two substances. It is shown in this paper that the decarboxylation of glutamine is accompanied by the formation of an equivalent amount of armonia, and that the glutaminase responsible for this reaction is highly specific. No'other compound has so far been found to yield ammonia when incubated with washed suspensions of the organism at pH 4*9. This glutaminase preparation is more convenient to make than Archibald's (1944) glutaminase preparation from kidney and is more specific.
The following method for the quantitative determination of glutamic acid and glutamine rests on these facts, and combines the principles used by Gale (1945) and by Archibald (1944) . The sunt of the substances is determined according to Gale's procedure, slightly modified, by' manometric determination of the carbon dioxide evolved on decarboxylation. The ammonia is then estimated in the solution treated with Cl. welchii, and in a sample not so treated. The difference represents the glutamine.
Preliminary experiments indicated that the rate of CO2 evolution from glutamine is under some conditions considerably slower than the C02 evolution from glutamic acid, and a detailed study of the conditions favourable for the quantitative decarboxylation of glutamine was therefore required.
EXPERIMENTAL
Bacteria. The strain S.R. 12 of Cl. welchii as recommended by Gale (1945) was used for most experiments. In a few cases, a strain of the same species supplied by the Department of Bacteriology of this University and containing a histidine-and a glutamic-decarboxylase was used. The organisms were grown at 380 in the medium suggested by Gale except that 50 ml. of yeast extract were added to 1 1. medium (prepared by autoclaving baker's yeast with an equal volume of water and filtering). The washed cells from about 1 1. medium were suspended in about 15 ml. of 0.45 % (w/v) NaCl. The dry weight of the bacteria in the suspension was determined in a 0-2 ml. sample. The yield from 11. of medium was 1-1-1-5 g. of dry bacteria. All data on bacterial weights in this paper refer to dry weight. The suspension was kept in a refrigerator where its activity did not appreciably deteriorate within a month.
Chemical determinatione. C02 was m9asured manometrically with air in the gas space of the vessels, NH3 according to the method of Parnas & Heller (see Parnas, 1934) .
Chemicalg. The L-glutamine used was pr.epared from mangel-wurzels. In spite of frequent recrystallizations from ethanol-water and water, its purity was only 93% as judged by amide-N content and C02 evolution. Among the impurities were about 1.3 % arginine (see Archibald, 1945) . The L-glutamic acid preparation was 96% pure. The impurity was probably its optical enantiomprph, as the amino-N content agreed with the theoretical value whilst Gale's method yielded 96 %. Metaboli&m of glutamine in Clostridium welchii Rate of C02 evolution from glutamine. Data comparing the rates of C02 evolution from glutamine, and from glutamic acid under the same conditions, are recorded in Table 1 . Differences in the rates are especially marked at low concentrations of the substrates. As will be shown below, these results, obtained on pure solutions of the substrates, can be modified by the presence of other substances.
Effect of pH. Glutamic acid decarboxylase shows only small changes in activity between pH 3-4 and 5-0 (Table 2 ; see also Gale, 1941) . The optimum is fairly broad and extends from about pH 3-7 to 4-4. At pH 3-0 (lactate buffer) the activity is still about 50 % of the optimal activity. In contrast, C02 evolution from glutamine falls fairly rapidly with pH between 5-0 and 3-0; at pH 3-0, the rate is only 3 % of that observed at pH 5-0.
Production of ammonia. Fig. 1 shows that the evolution of C02 from glutamine is accompanied by the production of ammonia. During the early stages of the reaction more ammonia than C02 is formed, but later the yields of both substances become identical. This indicates that the formation of ammonia precedes decarboxylation, as is borne out by the observation that the C02 evolution from glutamine, unlike that from glutamic acid, has a short lag period during which the rate of decarboxylation gradually rises ( Effect of narcotics. Gale (1946) has already noted that ethylurethane does not inhibit bacterial decarboxylases. Other unspecific 'narcotic' inhibitors like octanol or phenylurethane (both in saturated solutions) were found not to affect the decarboxylation of glutamine. Salts. At pH 4 9 no difference in the rates of decarboxylation was found when the concentration of the acetate buffer was varied between 0-05 and 0-2M. Higher buffer concentrations caused inhibitions, c. 40% by 0-4m-buffer and c. 60% by 0-8M-buffer. NaCl, in presence of 0-2m-acetate buffer, had no appreciable effect as ong as its concentration did not exceed 1 M (see also Taylor & Gale, 1945) . Effect ofdetergent8. In the course ofexperiments on inhibitors it was observed that addition of cetyltrimethylammonium bromide ('cetavlon') accelerated the decarboxylation of glutamine. Examples are shown in Table 4 . The magnitude of the effect depends, among other factors, on pH. Under, the conditions shown in Table 4 , the increase of the initial rate was c. 2-5-fold at pH 4 9, c. 10-fold at pH 4-1 and c. 20-fold at pH 3-8. Thus the shape ofthe pH-activity curve of the decarboxylation of glutamine is changed by the detergent, and the curve obtained with washed cell suspensions is therefore not the true pH-activity curve. Other factors, presumably the permeability of the cells, affect the rate of interaction between enzyme and substrate. Table 5 , giving the effects of varying concentrations of cetavlon, shows that 0-48 mg. detergent can p,ppreciably increase the activity of 6 mg. bacteria and that the maximum effect is produced by about I mg. detergent.
The decarboxylation of glutamic acid was, under the same conditions, also acclerated by cetavlon, but owing to the relatively high rate of the decarboxylation of glutamic acid without detergent the percentage increase produced by cetavlon was smaller than in the case of glutamine. The effect of adding the detergent to the bacteria before the substrate, e.g. incubation with cetavlon for 20 min.
before the addition of the substrate, was to produce inactivation (see also Baker, Harrison & Miller, 1941 ).
An anionic detergent, sodium dodecyl sulphate, completely inhibited the decarboxylation of glutamine under the conditions stated in Table 4 , when 0-05 % detergent was added to the substrate solution.
In experiments with another strain of Cl. welchii, which decarboxylated histidine in addition to glutamic acid and glutamine, cetavlon likewise accelerated the glutamic decarboxylase but inhibited the histidine decarboxylase, whilst sodium dodecyl sulphate inhibited the decarboxylation of glutamic H. A. KEREBS acid and glutamine and had no effect on the histidine decarboxylase. These experiments will be reported in full elsewhere.
Effect of serum. Blood serum (Table 6 ) also accelerated the decarboxylation of glutamine by Cl. welchii, the effect depending on pH. At pH 4-1, larger (c. 10-fold) amounts of serum were required than of cetavlon (on a w/w basis) and the maximum effects of serum were smaller. Gelatin (0.6 %) had no effect; 'Bacto' peptone (0-6 %) caused a small increase (about 30 %) of the initial rate. When both cetavlon and serum were added, the effects observed were somewhat smaller than those of cetavlon alone (Table 6 ). At pH 4-9, the maximum effects produced by cetavlon and by serum were about equal, and smaller quantities, about one half, were required for the maximum acceleration. Aqueous extracts of animal tissues had effects similar to those of serum.
Cetyltrimethylammonium bromide. Commercial cetavlon in water (2 %) served as a stock solution. According to the makers, cetavlon contains about 70% of cetyltrimethylammonium bromide. A purer preparation (about 97 %), kindly supplied by Mr S. Ellingworth of Imperial Chemical (Pharm&ceuticals) Ltd., did not appreciably differ from commercial cetavlon in its action on the decarboxylation of glutamine.
Manometric arrangement. Conical flasks provided with a side arm are used. The solution to be examined is placed in the main compartment. If very acid or very alkaline it is first adjusted to c. pH 4-9 by the addition of HCI or NaOH, and finally by 3M-acetate buffer, usually A vol. The total volume of the fluid in the main compartment should not exceed 4 ml. The side arm contains 0-5 ml. of bacterial suspension. Two types of control are required, one to measure the gas exchange of the bacteria alone, the other to measure the gas exchange of the solution to be examined. The first contains the bacterial suspension in the side arm and 4 ml. 0-2m-acetate buffer in the main compartment. The second Table 6 . Effect of serum, on the decarboxylation of glutamine at pH 4-1 (1.46mg. glutamine in 4ml. total volume; 0 1m-acetate buffer, pH4-1; 400; 0-1 ml. bacterial suspension (3 mg. 
Acid amides: L-asparagine, urea, nicotinamide. When intact fresh tissue was kept at room temperature the glutamic acid increased and the glutamine fell (Table 8) . In minced tissue, mixed with 2 parts of 0-1 N-HCI (resulting pH 3-7), both glutamic acid and glutamine rapidly increased even if the suspension was kept in the refrigerator (Table 9 ). The parallel increase in amino N indicates that the increase is due to proteolysis. When 0-1-HC1 was replaced by 0-3N-HCI, the pH of the resulting tissue suspension being 2-2, an increase, though smaller, of both glutamic acid and glutamine was observed on 24 hr. storage in the refrigerator. On the other hand, the concentrations of glutamic acid and glutamine in a suspension contaiing 1 part of tissue and 2 parts-of 0-5N-HCI (pE about 1-0) remained almost constant in the refrigerator for 24 hr. After 48 hr;, however, some ofthe glutamine had been converted into ammonium glutamate. The higher amount of acid (0-5N) also inhibited the rise in 'preformed' NH3, i.e. the NH3 present in the tissue before the addition of Cl. welchii (Table 10) . A complication interfering with the manometric CO2 determination is the .02 absorption which extracts or suspensions of liver, and to a less extent of testis, exhibit when shaken in air at pH 4-5. Most tissues tested (kidney, cortex and medulla, brain, spleen, heart, skeletal muscle, pancreas, thyroid gland) have no appreciable 02 uptake under the experimental conditions. Sheep liver absorbed about 0 7-1-25 pl./mg. dry wt./hr. at 400, without yielding CO2. Often the rate increased with time. The substrate of this oxidation has not been identified. In some experiments the rate of the 02 uptake increased on addition of the bacteria, and the tissue suspension alone is therefore not a satisfactory control to measure the 02 uptake. The difficulties are overcome by filling the gas space of the manometers with N2.
Procedure for the preparation of animal ts88. On the basis of the above observations the following procedure was adopted. The material, cut into 5-10 g. pieces, was thrown into liquid air as quickly as possible after death, and left there for at least 15 min. After removal from the Dewar vessel it was minced in a cooled tissue grinder as soon as the consistency permitted, transferred to a tared beaker, weighed, and 2 ml. of cooled 0-5N-HCl/g. tissue were added with thorough mixing. If the suspension could not be analyzed immediately it was stored in a refrigerator. For the determination of glutamic acid and glutamine, 2 ml. of suspension were pipetted into the main compartment of a conical Warburg vessel, followed by 0X1 ml. of0-1 % aqueous methyl orange and just sufficient N-NaOH to change the indicator to yellow (usually about 0-6 ml.). Next, 0.2 ml. 3m-acetate buffer (pH 4.9) was added to the main comapartment. The further procedure was as already described, except that the gas space of the vessels was filled with N2 and the centre contained a stick of yellow phosphorus.
Recovery of glutamine added to ti8sue 8u8pen8ion8. When known amounts of glutamine were added to acidified liver suspensions recovery was satisfactory: for example, 73 ,ul. added, 74 ,lI. recovered; 36-5 and of CO2 when added to washed suspension of Clo8tridium welchii in acid solution. The formation of NH3 precedes that of CO2. The 'glutaminase' of the organism is highly specific; none of many substances tested was found to yield NH3.
2. The method for the determination ofglutamine and glutamic acid combines the principles used by Gale and by Archibald. The sum of the substances is determined according to Gale by manometric determination of the C02 evolved on decarboxylation. The NH3 is then estimated in the solution treated with Cl. welchii and in a sample not treated with the bacteria. The difference represents the glutamine.
3. The conditions affecting the quantitative reaction ofglutamine were examined. In pure solutions glutamine reacted much more slowly than glutamic acid, and the rate of reaction of glutamine, and to a smaller extent that of glutamic acid, was much (in some cases more than tenfold) accelerated by cetyltrimethylammonium bromide, serum or tissue extracts. In the presence of these substances the maximum rates of the decarboxylation of glutamine and glutamic acid were approximately equal.
4. The slow reaction ofglutamine seems to be due, under some conditions, not to the low activity of the glutaminase or glutamic decarboxylase, but to permeability barriers. Removal of these barriers would account for the accelerating effect of cetyltrimethylammonium bromide.
5. The glutamine and glutamic acid content of animal tissues rapidly increases after death owing to autolysis. A procedure has been elaborated which minimizes the effects of autolytic enzymes.
